This paper deals with a statistical study of atmospheric turbidity for Lincoln, Nebr., Madison, Wis., Washington, D. C., and Blue Hill, Milton, Mass. Means for various air masses are presented, together with several situations showing changes in turbidity of the same air mass as it passes each station. Also conclusions are offered regarding an autumn-winter-spring variation in --atmospheric dust content.
atmospheric dust content.
The Linke turbidity factor T is defined bv Linke (6) as the ratio of the aimospheric extinction coefficient 'to the molecular extinction coefficient.' Since atmospheric depletion of solar radiation is due not only to molecular scattering but also to dust scattering and absorption by water vapor, the Linlre factor is always greater than unity. It is defined mathematically as where I , is the solar constant corrected to actual solar distance; I is the total intensity of the direct sdar radiation; m is the optical air mass computed from the solar altitude; and a, is the molecular scattering coefficient and is a function of m.
Hence, by observing I and m, T may be easily computed. The function P(m) has been computed by Feussner and Dubois (2) and is tabulated on page 23 of the monograph by Haurwitz (4).
The normal intensities of solar radiation for Lincoln, Madison, and Washington were taken directly from the observations published in the MONTHLY WEATHER REVIEW and cover the period from January 1931 to May 1933, excluding the months June, July, August, and Se tember because of lack of analyzed maps. The Since local conditions of smoke, dust, haze, and clouds may influence turbidity, a detailed description of the exposures of the various instruments is necessary. At Washington, Lincoln, and Madison, the Marvin type 1 Tmay be also defined ap m x h a t e l y 89 the number of clean dry atmospheres which would diminish the direct e & intensity by the game amount is does the single, moist, dlrty atmosphere.
pyrheliometer is used; a description of the exposures a t these stations is quoted in part from Kimball (5) p. 26: At Blue Hill 142'13'N, 71'05' W, 640 feet mean sea level], the pyrheliometer is of the Sniithsonian silver-disc type and is exposed on the tower of the observatory, 672 feet above sea level and about 400 feet above the surrounding countryside. The area of masimum smoke product,ion is at Boston, about 6 to 12 miles away, and subtends an angle from about NNE. to NW. Minor smoke sources are located to the northwest in the suburbs of Boston, to the southwest at the small town of Canton, 4 miles distant, and to the southeast in Brockton, a city of about 50,000 population, 10 miles away. Providence and Fall River, large factory cities, are 30 to 40 miles SW. to S. The surrounding countryside is mostly forest and meadow. The Atlantic Ocean subtends an angle from NE. to about SSW. and varies in distance from about 10 miles to the northeast and east to about 60 miles to the south.
In order to obtain turbidity factors which are representative of the prevailing air mass type, observations which are affected by local conditions of clouds, smoke, fog, dust, etc., must be eliminated. For Madison, corrections from Januaw to October, 1931, could be made only by consulting the 7 a.m. and 7 p.m. reports a t La Crosse, 100 miles to the northwest. The hourly observations of wind, sky, clouds, visibility and ceiling taken a t It is desirable at this point to examine briefly whether the Linke factor satisfies two of the fundamental properties that a true turbidity measure should have:
(1) Uniqueness: that is, to a given opt,ical state of the atmosphere there must correspond a constant measure of turbiditv which shall be independent of the solar altitude and thus measurable at any time during the day. Feussner and Dubois (2) publish the followng 
From this it appears that T (for small values of m) decreases with increasing m and increases with increasing w. The percent change in T is greatest for an increase in m from 1 to 2, and is equal to about 4 percent for w=0.5 cm and 12 percent for w=3.0 cm. When m increases from 2 to 3, the change is smaller, being less than 2 percent for w=0.5 cm and less than 4 percent for w=3.0 cm. For further increases in m the differences become even smaller. Now the majority of solar observations published in the MONTHLY WEATHER REVIEW correspond to the optical air masses 2, 3, and 4, and, as shown in table 1, the virtual range for these air masses is small, amounting to less than 4 percent for 3 cm of precipitable water-a high water content of the atmosphere on days suitable for solar observations during the nonsummer months. For Blue Hill, most of the observations are talien within air masses 2 to 4 escept for those taken in the spring and earl autumn, when the majority of observations are close 9 y grouped around some value of m<2, because then the high altitude of the sun causes an air mass of less than 2 to prevail for several hours before and after local noon. Hence, the virtual range of T i n a clean, moist atmosphere is within 4 percent for the majority of observations. Concerning the effect of dust on the range of T nothing seems to be known. An example of the scattering of values of T in a synoptic air mass whose optical state is more or less constant, is shown in table 2, observations taken a t Blue Hill on February 9, 1933, a day on which a deep current of Polar Continental air was passing over the station and the ground was covered with snow.
The irregular fluctuations in T are probably due to observational errors. The increase of T with m in the afternoon probably follows the wind shift to a more southerly quarter accompanied by an increase in water vapor and perhaps in dust content as shown by the increased cloudiness and decreased visibility. 
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( 2 ) Reduction of T to Standard Leid: For purposes of comparison, it is important that the turbidities observed a t stations of difl'erent elevation be reduced to a standard level. Feussner and Dubois (2) give a formula for reducing turbidity values to the 760 mm Hg surface by assuming that the dust and water content of the air column above the standard level is exactly the same as that above the level of the observing station. I n this case, then, the correction is negative; for Lincoln, Nebr., the highest of our stations, the correction is -0.02 for turbidities between 1.43 and 1.G2 and -0.14 for turbidities between 3.93 and 4.34. Corrections for elevation were made for Lincoln, hlaclison, and Blue Hill, but for Washington they were omitted, being practically negligible a t such a low elevation. The designations of the synoptic air niasses introducecl into this country by the Meteorological Division of the Massachusetts Institute of Technology are followed here. Although Willett (8) has described the chnmcteristic properties of these various air masses in detail, it is desirable to include here a brief description of them.
Polar Continental Air (Pc) acquires its properties over
northern Canada and Alaska; besides being dry and cold, it is relatively free from dust. Modijied Polar Contijiental Air (Npc) is air of polar continental origin which to some extent has lost its original coldness and dryness in the lower layers, and is usually characterized by marked inversions, probably due to subsidence, above which the accumulated pollution and moisture canno t rise. Modijied Polar Pacijic Air ( N p p ) is of polar origin, warmed and moistened in its lower layers by passage over the northern Pacific Ocean, but which has lost most of its moisture and acquired dust, smoke, etc. before reaching the eastern United States. Tropical illaritime Air (Tm) originates over the Gulf of Mexico or the adjacent portion of the Atlantic Ocean, and is characterized by warmth and high moisture content in the lower layers. Tropical Continental Air (Tc) is air from the hot, dry, southwestern portion of the United States and Northern Mexico and has low moisture content but a high dust content.
Pyrheliometric observations taken in the neighborhood of a front, where 2 types of air mass may have been present, 1 on the surface, the other aloft, were eliniinated. In determining the turbidities charscteristic of the M e r e n t types of air, and the changes in these tur-399 1931 bidities as the air mass moves across the country, no attempt was made to note the change in turbidity of an individual air column because of lack of an adequate number of solar stations and the difficulty of determining the true trajectory from only twice daily reports. The air over Lincoln and Madison in general has traveled over cleaner regions thnn that over Blue Hill or Washington. Hence, when we speak of ( ( the change in turbidity of an air mass moving across the country" we refer to the change in turbidity brought about by diflerences in the trajectories of the air streams. However, the change in turbidity of a single air column may be approsimat#ed in the case of an anticyclone which, after moving eastward, beconies stationary for several days; such a situation, that of October 15-22, 1931, is discussed later.
The mean turbidities for the various stations and synoptic air masses are given in table 3. The observations for Lincoln, Madison, and Washington cover the period from January 1931 to hfay 1933, omitting the months June, July, August, and September, becnuse of lack of maps analyzed by the Massachusetts Institute of Technology for this period during 1931 and 1932. The subscripts attached to the turbidities refer to the number of days of observation. Days on which observations were widely scattered or less than two in number were eliminated. probably due to the large amount of water vapor in its lower layers, and that of the Tc air to its large dust con tent .
The increase in turbidity as the air masses move across the country is shown for the three common types of air. The increase is most pronounced for Pc air, ranging from 1.57 a t Lincoln to 2.54 a t Washington, although it is possible that the Washington value is increased by the inclusion of cnses of Pc air which might just as well have been called Npc, since in ninny cases the tinie of transition from Pc to Npc is quite arbitrary. Npc and Npp air show a smaller increase in turbidity from Lincoln to the east coast. The difference in turbidity between Pc and Npc air at Lincoln and Madison, two stations not far from the Pc source region, might tempt one to ascribe it to local conditions were it not for the rat,her surprising colistancy of the Npp turbidity a t the two stations.
I n The values in table 3 show that' a t all four stations Pc air has the lowest turbidity and is followed by Npp air;3 Npc air rnnks third, and is followed by T m and Tc air, although the number of observations within the tropical air is small. This result is in agreement with our knowledge concerning the source regjons and vertical structure of the air masses. Pc air, originating over comparatively clean and dry regions and moving swiftly to lowerlatitudes should be espected to have the lowest turbidity factors. However, as the Pc mass begins to stagnate in the forrii of an anticyclonic circulation centered over the Middle Eastern States, as is often the case, and is transformed into Npc , the increasingly marked inversions which are thought to be due to subsidence (8, p. 19 ff.) keep the acquired pollution concent,rated in the surface layers. In this case the turbidity increases until it is higher than that of Npp, wherein the usually steeper lapse rate allows the acquired pollution to be cnrried upwnrd and thence removed by the wiiids a10ft.~ The high turbidity of the T m air is * This result modifies that found for Washington in a preliminary study made by the author (7) covering the period January 1U31 to December 193?. In thisstudy Kpp uir, on the basis of 31 days' observations was found tu be tlie cleanest. T=2.44, and Pc. on the basis of 18 days' observations, the next cleanest, T=2.M. 4 This reason is open to doubt, for it might well he that, due to horizontal advection of dust by winds aloft. the net loss of the dust content of 30 air column is zoro. T o examine more closelr the relative turbidities of NDC and NDD air. the averaee water contents of both typesofair werecomputed from the Massachusitts Instituteof'i'echnologyairp1,ine soundings for the year 1L433. excluding June, July, August, m d September, wbrn no soundings were made. For Npp air, from 12 #days' observations. the mean procipitable water content was 11.1 mm; while 25 days of Npc air showed 11.8 mm. Henee, w e may assume that the water content of the two types of air is the same. If we also assume thut thesmokeand dust productionwithin thetwoairmassesfs thesame, thenitfollowsfrom the higher turbidities in the Npc air that the concentration of a given amount of dust and water vapor in a thin surface layer causes greater depletion of direct solar radiation than if the dust and vapor had been distributed throughout a dhicker layer. This phenomenon may perhaps he explained in the following manner: The re0ection of light from a sharp smoke and dust line in the atmosphere (such as occurs very often in the Npc air masses) is greater than the reflection and scattering from the smoke and dust particles in a thicker layer lacking a distinct to,p (as in Npp air) due, to the fact that in the latter m e secondary regection and scattering by the particles is brought into play and so enables more sunhght to pass through the layer. have gathered some aerological data showing the seasonal trend of the water content of the atmosphere for the regions considered.
Since tho Linke factor does not distinguish between depletion of solar radiation due, on one hand, to absorption by water vapor and, on the other hand, to scattering by small particles in the atmosphere, we may try to get a measure of the latter effect for winter, spring, and autumn by assuming values of the atmospheric water content for these setxons which are in agreement with some available aerological material. I n other words, we may try to obtain measures of atmospheric dust content for winter, spring, and autumn. This is one of t'he aims of the turbidity coefficient defined by Angstrom (1, 1930) . This turbidity coefficient, 8, is claimed to be proportional to the dust content of a column of air and is obtained by measuring the depletion of solar radiation in a spectral band where absorption by water vapor is negligible. However, in order to obtain the Angstrom coefficient a recording thermopile and special glass filters are necessary. This apparatus is available in this country only at Washington and Blue Hill. Hence, in order to obtain seasonal comparisons in atmospheric dust content from the observations taken at the two niidwestern stations, Lincoln and Madison, values of atmospheric water content must be obtained from another source ; namely, the aerological material.
Gregg (3) has published data giving the vertical distribution of atmospheric and vapor pressure by months over Mount Weather, Va., and the seasonal means of these elements from aerological observations at Omaha, Nebr., Indianapolis, Ind., Huron, S. Dak., and Avalon, Calif. The observations from Mount Weather were obtained from kit,e ascensions and are given in monthly means of atmospheric pressure (based on 3 years' observations) and of vapor pressure (based on 1 year's observations) ; the vapor pressure means, however, are given only to 3 kilometers because of scarcity of observations at higher levels. The western group of observations are seasonal means computed from sounding balloon ascents, the data from which were used up to and including the 7-kilometer level. I n addition to the above-mentioned material, I have computed for Dr. H. H. Kimball, in connection with his determinations of atmospheric water content from filter measurements of solar radiation (published in the September 1934 MONTHLY WEATHER REVIEW), a series of comparable atmospheric water contents as determined from the Massachusetts 1nstit.ute of Technology airplane soundings 4 the East Boston Airport, which averaged to about 5,000 meters in height. Since these evaluations were made only for the days on which solar observations were possible, they are rather few; but, nevertheless, are therefore more truly representative of the days considered in this paper.
The precipitable water content is defined as the depth of liquid water which would result if all the water in a vertical column through the atmosphere of cross-sectional area 1 N was found by nunierical integration of the data, where vapor pressure means were taken between their respective atmospheric pressure levels, a.nd multiplied into the log of the respective pressure differences and summed up for the air column. The results for the three groups of observations are given in table 5. As expected, the water contents are higher for spring and autumn than for winter. Also the values are considerably higher for autumn than for spring except for Mount Weather. However, the autumn mean for this station is probably too low since it is based on a single year's vapor pressure observations, which includes a dry November, whose water content was 8.1 mm as compared with 19.9 min in October and 10.6 mm in December for the same station and 10 mm on the basis of 15 clays' November observations at East Boston (1933) . The Boston values are lower than those of the other groups, probably because they represent only the days when condensation forms did not prevent solar observations. Hence, we see that although more water vapor seems to be. present in the atmosphere in autumn than in the spring, the turbidities are higher in the spring. This must mean that there is more dust and smoke present in the atmosphere over the four stations in the spring than in the autumn. This conclusion is strengthened in the cases of Washington and Blue Hill by the measurenients of the Angstrom turbidity coefficient, 8. For Washington I have computed the seasonal means from two sources-The first from the values published by Angstrom (1) which covered the period 1903-7 and were determined from measurements by the Astrophysical Observatory of the Smithsonian Institution.
Angstrom used the intensit,ies at wave lengths 0 . 4 5~ and 0 . 9 0~ to determine from two simultaneous equations 8, the turbidity coefficient, and a, the size coefficient, which varies from 4 for molecules to 0 for large particles, scattering nonselectively. From these computations, a was found to be 1.24,~orresponding to scattering particles of mean diameter shghtly larger than 1p. The second source is the values of for 1932 presented in the MONTHLY WEATHER REVIEW, determined from measurements made under the assumption that a=1. The above values show that the B's are higher in spring than in autumn for the three sets of observations; this agrees with the conclusions derived from the Linke factor data for Washington and Blue Hill, showing greater dust content in the spring than in the autumn. Therefore, it is justifiable to make similar conclusions regarding a spring-autumn contrast in dust and smoke for Lincoln and Madison, where equipment for measuring the @'s is not available.
A surprising feature of table 6 is the presence of larger p's for the three sets of observations in the winter than in the autumn. The winter-autumn Linke factors in table  4 for Washington and Blue Hill showed no such distinct contrast. However, assuming the Linke factors to be slightly lower in winter than in autumn, and noting from table 5 that the atmospheric water contents for the two stations in the autumn are twice those in the winter, we are led to the conclusion that there exists more dust and smoke (smoke probably predominating) in the atmosphere over Washington and Blue Hill in the winter than in the autumn. This conclusion is derived only from considerations of the Linke factors in conjunction with the aerological data. The Angstrom coefficients presented in table 6, however, which are derived from an entirely separate set of observations, are in agreement with the above conclusion, and, therefore, we feel justified in saying that over Lincoln and Madison more dust and smoke seems to be present in the winter than in the autumn.
Thus far we have concluded that there is present more dust and smoke in spring and also in winter than in the autumn.' For Blue Hill and Washington, we arrived at these conclusions from two sets of data: first, the Linke factors in conjunction with aerological data; and, second, the Angstrom coefficients. Inasmuch as we found that the conclusions derived from the first set of data were supported by the second set of data, we felt justified in estending these conclusions to incoh and Madison, lacking. In contrast to the Angstrom coefficients the conclusions derived from the first set of data were qualitative; if quantitative results were desired, then definite assumptions as to mean water contents for the various seasons would have to be made. This procedure would be safe only a t Blue Hill, where water contents were determined for about two-thirds of the days on which the Linke factors were observed. Now, in seeking a winterspring contrast in dust and smoke content, i t is impossible to derive conclusions qualitatively, since both the Linke factors and water contents are higher in spring than in winter, as shown in tables 6 and 4. I n this case, then, quantitative methods must be applied. From table 6, the water contents over East Boston for winter and spring are 7.4 mm and 9.2 mm, respectively. From the values given in table 2, we find that an atmosphere containing 5 mm of precipitable water has for its Linke factor 1.65, approximatel , and for an atmosphere conFrom linear interpolation, we find that w=7.4 mm corresponds to T=l.81, and w=9.2 mm corresponds to T= 1.94. The mean of the observed T's for winter and spring weighted according to the number of days of observations, were found from table 4 and results of the computation are given in table 7.
where means for measuring the rfi ngstrom coefficients are taining 10 mm precipitab s e water, T=2, approximately. Hence, for Blue Hill, 1933, more dust and smoke was present in the spring than in the winter in the ratio, 0.65/0.55=1.18. Also, from the 0's given in table 6, more dust and smoke is indicated for the spring in the ratio 0.064/0.062=1.03. The discrepancy between the two ratios may be due to the fact that the B's were found from 46 days' observat,ions, whereas the T's were found from 55 days' observations. . The increase in T from 1.96 in the Midwest to 2.42 in
CHANGES O F TURBIDITY WITHIN AN AIR MASS
Washington on the follo\\ing day shows the rapid pollution of the Npc air as it travels eastward. Becrtuse of the subsidence inversion which is thought to exist in the Npc air, this acquired pollution is probably concentrated in a thin surface layer. At Lincoln the successive increases in T on the 14th, 15th, and 16th show how the turbidity is increased when the direct flow of Npc from the northsvest is replaced by ,z flow from southerly quarters due to movement of the lggh pressure center eastward. 
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The Lincoln T's show a grndunl increase from about 2 on the 15th-l6th, to about 2.4 on the 1Stli-l9th, corresponding to the shifting of the wind on the 17th froni the northwest, u7hich brought in fresh PTpp, to the south, bringing in older Npp. The high turbidit,y at Madison on the 16th may be explained by local conditions since the morning obsen-er reports snioke and a visibility of 8 miles wit,li a northwest wind. The wind shifted into the south on the 19th and the older return air on the 20th shows a much larger value, T=3.49; here, again, the observer reports smoke and a visibility of S miles with a south wind. The turbidity a t Washington increases from 2.14 on the 17th, when the fresh Npp current came in, to 2.43 an the 19th, after the high had stagnated. The drop in T to 2.24 on the 20th, when conditions were practically unchanged cannot be explained from the available data. However, the decrease to 3.12 on the 32d is probably due to fresh Npp displacing the older Npp. 
